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Over the last decade, technological progress and advances in the miniaturization of 
electronic devices have increased demands for light-weight, high-efficiency, and 
carbon-free energy storage devices. These energy storage devices are expected to play 
important roles in automobiles, the military, power plants, and consumer electronics. 
Two main types of electrical energy storage systems studied in this research are Li ion 
batteries and supercapacitors. Several promising solid state electrolytes and 
supercapacitor electrode materials are investigated in this research.  
The first section of this dissertation is focused on the novel results on pulsed laser 
annealing of Li7La3Zr2O12 (LLZO). LLZO powders with a tetragonal structure were 
prepared by a sol-gel technique, then a pulsed laser annealing process was employed to 
convert the tetragonal powders to cubic LLZO without any loss of lithium.  
The second section of the dissertation reports on how Li5La3Nb2O12 (LLNO) was 
successfully synthesized via a novel molten salt synthesis (MSS) method at the 
relatively low temperature of 900°C. The low sintering temperature prevented the loss 
of lithium that commonly occurs during synthesis using conventional solid state or wet 
chemical reactions.  
The second type of energy storage device studied is supercapacitors. Currently, 
research on supercapacitors is focused on increasing their energy densities and lowering 




of this dissertation details how carbonized woods electrodes were used as 
supercapacitor electrode materials. A high energy density of 45.6 Wh/kg and a high 
power density of 2000 W/kg were obtained from the supercapacitor made from 
carbonized wood electrodes. The high performance of the supercapacitor was 
discovered to originate from the hierarchical porous structures of the carbonized wood.   
Finally, the fourth section of this dissertation is on the electrochemical effects of 
embedding Cu nanoparticles into a carbonized wood supercapacitor. The nano-
composites were fabricated using a solution method. The electrochemical measurements 
indicated that Cu nanoparticles did enhance the energy density of the supercapacitor by 
a factor of three. Both cyclic voltammetry and cyclic charge-discharge measurements 
showed that the electrode has typical reversible pseudocapacitive behavior, with two 
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The depletion of fossil fuels has shifted electricity production from burning fuels to 
sustainable energy sources. Most sustainable energy sources do not produce energy at a 
constant rate, but instead, the energy produced depends on the periodic characteristics 
of the energy source, such as sun, tide, and wind. It is common for these energy sources 
to be used together with electrochemical energy storage devices. The sustainable energy 
sources provide energy to the electrochemical energy storage devices when they are in 
operation. The electrochemical energy storage devices supply power when the 
sustainable energy sources are not in operation. Regardless of type of sustainable 
energy, electrochemical energy storage devices are always needed to provide power 
when the source of the sustainable energy is not in operation.  
Electrochemical energy storage systems are used in many applications and are 
characterized by their specific energy and specific power, as seen in Figure 1.1. In 
general, batteries rely on chemical reactions with valence band electron transfer, which 
gives batteries high specific energy. On the other hand, electrochemical capacitors 
(ECs) have ion adsorption on the surface with electron transfer in the conduction band. 






difference between ECs and batteries has determined their many applications.  
One of the most important applications for electrochemical energy storage devices 
are hybrid vehicles (HVs) and electric vehicles (EVs). Table 1.1 lists the specific 
operation conditions for HVs and EVs [1]. The HVs contain both a combustion engine 
and an electrical motor. At higher speeds, the combustion engine provides the driving 
force of the car. During slow speed driving, the car is powered by a stack of batteries. 
The batteries are charged when a driver taps on brakes, as the car’s mechanical energy 
is converted to electrical energy and then feeds back to its batteries. For hybrid vehicles, 
low energy density Ni metal hydride (Ni-MH) batteries can be used whose main 
advantages are a long cycle life and excellent safety features [1]. However, much more 
energy is required to power EVs. Li ion batteries with high energy and low self-
discharge are the best candidates for EVs. ECs also play an important role in HVs and 
EVs. The ECs are charged during braking through the electric motor. Once the driver 
steps on the acceleration peddle, ECs suddenly deliver their energy and propel the car 
forward.  
 
1.2 Li ion batteries 
Batteries have been used as the primary electricity storage source for over a century. 
Nickel-based batteries were the only battery for electronics for many years until the 
commercialization of the Li ion battery. Introduced in 1991 by Sony, the first Li ion 
battery was fabricated with a LiCoO2 cathode. LiCoO2 has good electrical properties, 
good safety properties, and is easy to prepare. More recently, lower cost, higher 
performance materials such as LiMn2O4 and LiNiCoO2 have been used to improve 




Graphite is the most commonly used anode material for Li ion batteries because of its 
laminate structure which is ideal for storing Li ions. The general operational principle of 
Li ion batteries during charging is: the Li ions in electrolyte are reduced and intercalated 
into anode while the Li stored in cathode is oxidized and released into electrolyte. The 
following equations correspond to the reactions for anode and cathode upon charging.  
Anode reduction reaction 
xLi
+
 + 6C + xe
-
 ↔ LixC6   
Cathode oxidation reaction 
LiCo2O2 ↔ xe
-
 + Li(1-x)Co2O2 + xLi
+ 
The major advantages and disadvantages of Li ion batteries compared to other types 
of batteries are summarized in Table 1.2.  The high single cell voltage of 2.5V~4.2V, 
which is about three times higher than that of NiCd and Ni-MH cells, enables Li ion 
batteries to store more energy. The high specific energy density and high power density 
of Li ion batteries make them suitable for light-weight and high-efficiency applications. 
One of the disadvantages of Li ion batteries is that they usually require a management 
circuit to protect the cells from overcharging and overheating. Another disadvantage of 
Li ion batteries is that they lose capacity at elevated temperature around 65
o
C [3]. Many 
researches have been focused on finding new materials for anode, cathode, and 
electrolyte to overcome these problems.    
 
1.2.1 Anode materials 
Although Li ion batteries have a relatively high energy density, there is interest in 
further increasing their energy density by using new anode materials with high 




is used. In principle, the ideal anode material is elemental Li; however in practice, it has 
been reported that elemental Li anode has high reactivity with an organic electrolyte 
solvent, and thus forms dendrites on the anode surface [4]. The dendrite growth on the 
Li anode can result in short circuit and ignition. Many efforts have been made to find an 
alternative anode material with good chemical stability. The main requirements for 
good anode materials are summarized as follows: 
 High specific capacitance (mAh/g or mAh/cm3 ) 
 Long cycle life with no irreversible structure changes 
 Chemical and thermal stability with the electrolyte 
 None toxic 
Two major categories of anode materials have attracted much attention; one is 
lithiated carbons and the other is Li alloy systems. The first type of attractive anode 
material for Li ion battery is lithiated carbons. Carbons are good candidates for anode 
materials due to their diverse structures and properties.  Many types of carbon-based 
materials, from crystalline to highly disordered, have been researched as the anode 
materials for Li ion batteries [5, 6]. Currently, graphite is the most common anode 
material used because of its good cycle ability. Graphite is a stack of carbon sheet that 
is formed by hexagonally bonded carbons through van der Waal forces, as seen in 
Figure 1.3. The process of Li ion inserted in between the graphite is known as 
intercalation. The specific capacitance of the graphite anode is 372 mAh/g [7]. 
However, the rapid growing demand for higher capacity and higher power Li ion 





The second type of attractive anode material for the Li ion battery is Li alloys. The 
advantages of using Li alloys as anode material are their high specific capacitance and 
safety characteristics.  Table 1.3 compares the electrical properties of Li alloy anodes. 
The alloy anodes have 2-20 times higher theoretical specific capacitance than that of 
graphene [8]. The Li storage mechanism for graphene and alloy anodes is different. The 
graphene stores the Li through intercalation while the Li alloys can store far more Li by 
forming alloys. However, one of the disadvantages of using Li alloy anode is the 
reduction of the specific capacitance [4]. The additional species in the compound do not 
undergo any electrochemical reaction and bring additional weight to the anode. The 
extra weight in the anode reduces the specific energy density significantly compared to 
the pure Li anode. In addition, many studies found that many alloy anodes have high 
initial capacitance loss and rapid capacity dissipation [9, 10]. The cause of large 
capacity loss for alloyed anodes is due to the large volume change and loss of active 
material during the charge-discharge process [10]. 
 
1.2.2 Cathode materials 
One of the most important characters of high power Li ion batteries is high charge-
discharge rate. The charge-discharge rate depends on the ease of the Li ion diffusion 
through the cathode. The higher the diffusivity of the material, the faster the charge-
discharge rate of the battery can be. The crystal structure of cathode material has a 
direct impact on the Li ion diffusion, as seen in Table 1.4 [4]. The 2D layered structure 
LiCoO2 exhibits the highest Li ion diffusivity and the 1D unidirectional LiFePO4 tunnel 
has the lowest diffusivity [4]. In the case of LiCoO2, the Co atoms reside within O 




intercalation is much more facile in the LiCoO2 layered structure than trying to diffuse 
into interstitial sites in LiFePO4. 
The most common ways to manipulate the diffusivity of cathode are through doping 
and reducing the particle size. The dopant in the cathode materials changes the lattice 
parameters of the crystal to either increase or decrease the ease of Li ion diffusion. 
Some doped cathode materials and their properties are listed in Table 1.5 [3, 12]. The 
effect of dopant on the cathode materials is not significant and the process is difficult to 
control.  
The most effective way to increase the ion diffusivity is to reduce the particle size to 
the nano scale region, in order to significantly reduce the Li ion diffusion length [13, 
14]. However, the surface energy of nanoparticles increases dramatically when the 
particle size is reduced. The high surface energy allows cathode materials to form a 
solid electrolyte interface (SEI) layer that serves as a barrier for Li ion diffusion [14]. 
Unfortunately, none of the methods mentioned above has led to a breakthrough in 
cathode material selection. More research and experiment are needed to validate these 
methods.  
 
1.2.3 Electrolyte materials 
The principle limitation of Li ion batteries is the voltage limitation of the cell. 
Traditional batteries use aqueous electrolytes such as H2SO4 and KOH and have a 
potential window of Voc=1.23V [3]. However in Li ion batteries, Li has a higher 
electropositive than hydrogen which allows the battery to operate at higher voltage. In 
order to reach the highest voltage possible in a Li ion battery, a nonaqueous electrolyte 




aqueous electrolytes including organic solvents and solid state electrolytes have been 
examined for Li ion batteries.  
 
1.2.3.1 Organic liquid electrolytes 
Many organic solvents that can dissolve Li salts have been examined as electrolyte 
materials for Li ion batteries. The material selection criteria for organic electrolyte in Li 
ion batteries are listed below: 
 The solvent should be aprotic at fairly negative potential (i.e., does not react 
with Li metal) 
 The solvent should have high polarity in order to dissolve Li salts 
 The solvent should have low melting temperature and high boiling 
temperature 
 The solvent should have high relative permittivity and low viscosity 
It is very difficult to satisfy all the above conditions, since most of the requirements 
are contradictory to one another in principle. However, organic electrolytes with high 
mobility and a high degree of dissociation are preferred. Some examples of the non-
aqueous electrolytes for Li ion batteries are listed in Table 1.6 [4]. In general, the ionic 
conductivity of organic electrolytes is in a range of 2x10
-1
 S/cm. 
Many organic electrolytes have been used in Li ion batteries. No practical 
electrolyte is chemically stable with Li during charge-discharge cycling. Many 
electrolytes form a passive SEI layer to separate the electrolyte from the electrode. 
When a SEI is form, Li is incorporated in the passivation film. This process is 
irreversible and is observed as a loss of capacity [12]. In addition to the SEI formation, 




overcharged or overheated. These safety concerns have motivated the research on solid 
state electrolyte.  
 
1.2.3.2 Sold state electrolytes 
Solid state Li ion conductors have garnered interests as substitutes for the liquid 
electrolytes. Solid state Li ion electrolytes are expected to offer several advantages over 
the currently commercialized liquid electrolytes such as higher thermal stability, 
absence of leakage and pollution, and a large electrochemical stability window [4]. In 
addition, the high elastic modulus in ceramics makes them suitable for the rigid thin 
film micro-batteries. Current solid state Li ionic conductors can be divided into four 
groups – NASICON type, perovskite type, LiPON type, and garnet type. The following 
sections contain a brief introduction of each category.  
 
1.2.3.2.1 NASICON structured electrolytes 
The NASICON (Na super ionic conductor)-type solid electrolytes are of increasing 
interest because of their potential to replace hybrid electrolytes in LIBs. The general 
formula of a NASICON-type electrolyte is LiM2(PO4)3, where M=Ti, Ge, or Hf. 
NASICON consists of a covalent skeleton M2(PO4)3
-
 containing MO6 octehedra and 
PO4 tetrahedra, as shown in Figure 1.4 [15]. The Li sites sit in the interstitials between 
the MO6 octehedra and PO4 tetrahedra [16]. The main factors that limit the use of 
NASICON-type electrolytes are grain boundary effects, which behave as the scattering 









It has been reported that in Li1+xTi2-xRx(PO4)3, the lithium ion conductivity can be 
increased through the substitution of Ti
4+
 by other elements [18-22] (see Table 1.7). The 
substitution of the more stable Al
3+
 for the less stable Ti
4+
 increases the M-O bond 
strength and decreases the Li-O bond strength which results in the higher ionic 
conductivity [18, 23-29]. Among the various doped NASICON electrolytes, an optimal 
ionic conductivity of 1.3x10
-3
 S/cm has been reported for the simultaneous doping of B 
and Al in LiTi2(PO4)3 [30]. Despite this, the highest reported Li ion conductivity in 
NASICON-based microbatteries utilizing Li1.3Al0.3Ti1.7(PO4)3 thin film electrolyte is 
2.7x10
-6
 S/cm only (see Figure 1.5) with a 0.2% capacitance loss per charging cycle 
[31-33]. Even though substitution provides an enhancement to the ionic conductivity, 
NASICON still possess many drawbacks, including the fact that they are not stable 
when in contact with lithium metal because of the rapid Ti
4+
 reduction [34-36], which 
greatly hinders their potential in LIBs. 
 
1.2.3.2.2 Perovskite structured electrolytes 
Another classification of promising Li ion conductors are the perovskite (ABO3) 
type oxides (see Figure1.6). The ionic conductivity of these oxides is very sensitive to 
both the lithium content and the concentration of A-site vacancies [37-42]. A-site 
vacancies allow the lithium ions to hop by a vacancy mechanism through a planar bottle 
neck formed by four neighboring oxygen. The optimal lithium vacancy concentration 
has been found to be in the range of 0.44-0.45 [43]. The highest Li ion conductivity of a 
perovskite structured Li3xLa2/3-xTiO3 (LLTO) thin film electrolyte was reported to be 
5.25x10
-5




The main factors that limit the perovskite electrolytes in Li ion batteries are: the 
large amount of Li intercalation that occurs when in contact with the Li electrode and 
the coexistence of Ti
4+
 and Ti 
3+
 that leads to an increased electronic conductivity [34]. 
This facile Ti
4+
 reduction makes perovskite solid electrolytes unstable with Li metal. In 
addition, lithium deficiencies have been observed during the high temperature sintering 
process, which makes it difficult to control the lithium content and therefore the ionic 
conductivity [45, 46].   
 
1.2.3.2.3 LIPON structured electrolytes 
Lithium phosphorous oxy-nitride (LiPON) electrolytes with the composition 
LixPOyNz, where x=2y+3z−5, have a moderate Li ion conductivity (~10
-6
 S/cm) and are 
stable in contact with metallic lithium up to a potential of 5.5 volts [47-50]. Figure 1.8 
shows a typical Nyquist plot of LiPON thin film [51]. It consists of a high frequency 
semicircle caused by the bulk LiPON film and a low frequency line caused by the 
interfaces between the film and electrodes. LiPON is widely used as an amorphous thin 
film electrolyte for the lithium microbatteries with the highest reported ionic 
conductivity of 3.1x10
-6
 S/cm [51]. In order to address some of the shortcomings of 
LiPON-based electrolytes, many strategies have been explored to synthesize LiPON 
with improved ionic conductivity and proper crystallinity [52-54]. However, most of the 
synthesis strategies do not produce crystalline LiPON. Recently, Senevirathne et al. 
have reported successful synthesis of a new crystalline LiPON with similar conductivity 
by using the solid state method [55].  An important advantage of LiPON over other 




LiPON-based LIBs do show improvement over other battery classes, mainly due to 
their compatibility with lithium, their overall ionic conductivities have been limited.  
 
1.2.3.2.4 Garnet structured electrolytes 
Recently, oxides with garnet related structures have gained a lot of attention as the 
potential solid state electrolyte for LIBs. The typical structure of garnets is A3B2C3O12 
with CO4 tetrahedra and BO6 octahedra that are connected via edge sharing [57]. 
Although this is the general formula, it has been reported that increasing the number of 
lithium per formula unit to five, such as in Li5Ln3B’2O12 (B’=Bi, Sb, Na, Ta), results in 
a three orders of magnitude increase in ionic conductivity [58]. In this formula, Ln can 
be substituted by group II elements in order to possess more Li, in which case it has an 
ionic conductivity of 4x10
-5
 S/cm [34]. A further increase on the Li contained per 
formula unit to 7, in Li7La3B”2O12 (B’’ =Zr, Hf, Sn), has likewise attracted attention 





 at room temperature for the cubic Li7La3Zr2O12 (LLZO) [59]. In 
addition, LLZO shows good thermal stability against lithium metal, air, and moisture, 
further showcasing its potential as a SSE material for future LIBs. Because of this, 
much of the current research in solid state electrolytes has been on garnet-type materials. 
In order to accurately explain and delineate the novel research to be presented, the next 
sections are strictly devoted to the mechanism behind, and the behavior of, garnet 
electrolytes.   
LLZO can exhibit two crystal structures, cubic or tetragonal [60, 61], the Li sub-
lattices for which are shown in Figure 1.9 and Figure 1.10, respectively. In the LLZO 




coordinated to oxygen, and as Li(2) if they are octahedrally coordinated. For the cubic 
structure, Li(1) and Li(2) sites are shown in Figure 1.9 (b) and (c), respectively. In the 
tetragonal structure, the Li ions occupy one tetrahedral site, and two distorted octahedral 
sites, Li(2) and Li(2'), as shown in Figure 1.10 (b) and (c). However, in order for Li ion 
conduction to occur, there must exist adequate lithium vacancies in the sub-lattice to 
facilitate lithium migration. It has been reported that, in the cubic phase, the Li sub-
lattice is always disordered, such that there does not exist any long range lithium ion-
vacancy ordered arrangement [62]. For the tetragonal phase, the Li sub-lattice is always 
ordered, exhibiting a regularly ordered lithium ion-vacancy structure. [62, 63]. The 
resulting structure, whether it is cubic or tetragonal, can be directly controlled through 
alterations in the synthesis parameters.  
Table 1.8 lists some reports on synthesis methods and characterization of LLZO 
using solid state and sol-gel techniques [57, 59, 61, 64, 65]. It can be seen that high 
sintering temperatures (1453 K or above) and long sintering time (above 36 hours) are 
required to fabricate cubic LLZO by both solid state as well as sol-gel processes. The 
high sintering temperature and long sintering time cause lithium deficiencies in the 
structure, so extra lithium is usually required to compensate for lithium losses during 
high temperature sintering. 
 
1.2.4 Diffusion, defects, and ionic conduction 
1.2.4.1 Theories of diffusion  
The Li diffusivity determines the key performances of Li ion batteries, including 
charge-discharge rates, energy capacity, and cycle stability. The ionic diffusive motion 





𝐽 = −𝐷 𝛻 ∙ 𝐶                                                          (1.1) 
 
where J is the ionic flux (mol/m
2
s), D is the diffusivity (m
2




In general, D diffusivity can be expressed as 
 
𝐷 = 𝛾 𝜆2Γ                                                              (1.2) 
 
where Γ is the atom jump frequency (atoms/s), γ is the possibility of atoms jump, and λ 
is the jump distance (m). 
The atom jump frequency Γ can be further modified as 
 
Γ =  𝜈 exp (−
Δ𝐺𝑎
𝑘𝑇
)                                                    (1.3) 
 
where ν is the vibration frequency (1/s), ΔGa is the activation energy (J/mol) for 
diffusion, and k is the Boltzmann constant (J/mol K). From thermodynamics, the ΔGa 
has an expression of  
 
Δ𝐺𝑎 = Δ𝐻𝑀 − 𝑇Δ𝑆𝑀                                                     (1.4) 
 
where ΔHM is the enthalpy of atom migration (J/mol), and ΔSM is the entropy change 











) =  𝐷𝑜 exp (−
Δ𝐻𝑀
𝑘𝑇
)                       (1.5) 
 





Equation 1.5 provides an Arrhenius relation of the diffusivity and thermal activation 
nature of atoms.  
 
1.2.4.2 Models of defects  
From the atomic perspective, ionic diffusion is a migration process of atoms from a 
lattice site to a vacancy.  Two conditions must exist in order to have atoms migration: 
(1) there must be a vacancy adjacent site, and (2) the atoms must have sufficient energy 
to beak bonds with its neighbor atoms, as described in Equation 1.5. The mechanism of 
atoms migrating from a normal lattice site to a vacancy is called vacancy diffusion. 
Because the atoms exist as charged ions, charge neutrality must be maintained if a 
vacancy is in the structure. One type of defect in MX materials involves a paired cation 
vacancy and anion vacancy which is called Schottky defect, as seen in Figure 1.11a. 
This defect can be imaged by removing one cation and one anion from the structure. 
Since the cation has the same charge as the anion, the charge neutrality of the crystal is 
maintained. Another type of defect is called Frenkel defect which involves a cation 
vacancy and a cation interstitial, as seen in Figure 1.11 b. The cation leaves its normal 
position and moves to an interstitial site.  
The ratio of cations and anions keeps constant in the formation of either a Frenkel 








 ions have a ratio of 1:1. Nonstoichiomety happens 
when one of the ion types has two ionic states that co-exist in the structure [66]. For 




 states. The formation of a Fe
3+
 
causes an extra +1 charge compared to a Fe
2+
 ion. This may lead to the formation of a 
Fe
2+
 vacancy for every two Fe
3+
 ions. The crystal is no longer stoichiometric because 
there is one more O ion than Fe ion, but the crystal is electrically neutral, as seen in 
Figure 1.12.   
The ion movement in crystalline materials via vacancy mechanism is described in 
Figure 1.13 a. The ion has to squeeze through its neighbor ions to move from one lattice 
site to another lattice site. The energy for this transition ΔHM determines the ease of the 
ion migration.  
Another type of impurity that can be found in solid electrolyte is interstitial 
impurity. If a crystalline material contains an interstitial impurity and the ionic radius of 
the interstitial impurity is relatively larger than the host ion, an expansion stress will 
distort the lattice. The transition energy ΔHM and the movement of interstitial ions are 
relatively small and easy in the lattice expansion, as seen in Figure 1.13 b.  
 
1.2.4.3 Theories of ionic conduction 
Ionic conduction in solid electrolyte is the motion of the ion migration under an 
external field. In a steady state without any external field, as seen in Figure 1.14 a, the 
probability of ion propagating to its right is  
 
𝑝 =  
1
2
 𝛼 𝜈 exp (−
𝐸𝑎
𝑘𝑇




where α is the irreversibility of the ion jump, ν is the vibration frequency of the ion, and 
E
a
 is the activation energy of an ion. When an electric field (E ) is applied on an ion of z 
charges with an angle of 45
o
, as seen in Figure 1.14 b, the work done by the electric 
field between two ionic sites (d) is ½ zeEd [67].  
Then the probability of ion moving to its right is 
 
𝑝 ⃑⃑⃑  =  
1
2
 𝛼 𝜈 exp (−
𝐸𝑎−𝑧𝑒𝐸𝑑
𝑘𝑇
) = 𝑝 exp (−
𝑧𝑒𝐸𝑑
2𝑘𝑇
)                      (1.7) 
 
the probability of ion moving to its left is 
 
𝑝 ⃐⃑⃑⃑ =  
1
2
 𝛼 𝜈 exp (−
𝐸𝑎+𝑧𝑒𝐸𝑑
𝑘𝑇
) = 𝑝 exp (
𝑧𝑒𝐸𝑑
2𝑘𝑇
)                          (1.8) 
 
The average drift velocity vdrift is  
 
𝑣𝑑𝑟𝑖𝑓𝑡 = 𝑑 ( 𝑝 ⃑⃑⃑  −  𝑝 ⃐⃑⃑⃑  ) =  
1
2
𝑑 ∙  𝑝 [exp (
𝑧𝑒𝐸𝑑
2𝑘𝑇
) − exp (
−𝑧𝑒𝐸𝑑
2𝑘𝑇
)]              (1.9) 
 
Since the  
 
sinh(𝑥) =  
1
2
 [exp(𝑥) − exp (−𝑥)]                                     (1.10) 
 





𝑣𝑑𝑟𝑖𝑓𝑡 = 𝑑 ∙ 𝑝 ∙ sinh(
𝑧𝑒𝐸𝑑
2𝑘𝑇
)                                           (1.11) 
 
In general, the applied electric field is much smaller than the thermal energy, i.e., 





                                                           (1.12) 
 
Then the current density J is 
 
𝐽 = 𝑛𝑒𝑧𝑣 =  
𝑛𝑧2𝑒2𝐸𝑑2𝑝
2𝑘𝑇
                                             (1.13) 
 
From Equation 1.6,  
 






)                                       (1.14) 
 
Finally, J=σE, the ionic conductivity can be expressed as 
 






)                                        (1.15) 
 
This ionic conductivity expression provides the insights for material scientists to 




have been made to enhance the ionic conductivity in the polycrystalline electrolyte 
including: 
 Optimization of the preparative parameters 
 Substitution of conducting cations 
 Opening lattice structure by introducing large cations 
 Trapping of high temperature highly conducting phases at room temperature 
These approaches have been very important for electrolyte development and provided 
valuable understanding on ion transportation in solid electrolytes. 
 
1.3 Electrochemical supercapacitors 
The second type of energy storage devices is electrochemical capacitors (ECs) 
which store the electric energy through the electrical static force. The differences 
between the ECs and Li ion batteries are their energy density and power density, as seen 
in Figure 1.14. In general, electrochemical capacitors have higher power density and 
lower energy density than the Li ion batteries.  
Through appropriate cell design, the energy density and power density of ECs can 
be varied by several orders of magnitude which make them extremely versatile for 
various applications. When an electrochemical capacitor is combined with a battery to 
form a hybrid system, the system can exhibit high power capacity and good specific 
energy. The ability to fast charge and discharge ECs is due to the fact that no slow 
chemical reactions or phase changes occur during charge and discharge process. ECs 
have several advantages over batteries including (1) high power density (discharge at 
high current density), (2) short time needed for fully charging, (3) long cycle life, and 




1.3.1 Electrical double layer supercapacitors 
The conventional EDL capacitors consist of two parallel electrodes immersed in an 
electrolyte, as seen in Figure 1.15a. Once the bias potential is applied across the 
electrodes, the double layer at the electrode and electrolyte interface is formed. The 
Stern model of EDL states two regions of ion distribution, as seen in Figure 1.15 b. In 
the inner Helmholtz plane (IHP), ions are strongly absorbed by the electrode. The outer 
Helmholtz plane (OHP) is usually formed by the counter anions and is the ion diffuse 
layer driven by the thermal motion [67]. The capacitance of the system Cdl is the 
combination of the compact double layer CH and the diffusion region capacitance Cdiff, 










                                                           (1.16) 
 





                                                           (1.17) 
 
where εr is the electrolyte dielectric constant, ε0 is the permittivity of a vacuum, A is the 
effective area, and d is the effective thickness of electric double layer. However, most 
of the electrodes used in supercapacitors have porous structure and the pore curvature 
should be taken into consideration during the capacitance calculation. Assuming the 
cylindrical pore, ions enter pores and migrate toward the pore wall to form the double 











                                                           (1.18) 
 
where L is the depth of the pore, b and a are the outer and inner radius of the pore. For 
nano pores, the pore size is so small that no double layer can be formed on the wall. The 
ions are accumulated on the center of the pore to form an electric wire, as seen in Figure 
1.16b.   





 𝐶 𝑉2 =
1
2
 𝑞 𝑉                                                           (1.19) 
 
where q is the amount of charges accumulated on one plate over a given voltage V.  
The EDL supercapacitors are widely used as backup sources for memories and 
microcomputers which require high recharge rate and long cycle life [67]. In hybrid 
electric vehicles (HEVs), the EDL supercapacitors can store energy from regenerative 
braking and provide power for frequent stop and go. Table 1.9 lists some electrode 
materials for ECs and their properties. The highest specific energy reported in 
literatures for carbon-based supercapacitors is 200 F/g from porous activated carbon 
electrodes with high surface area, as seen in Figure 1.17. A typical activated carbon has 
a Brunauer-Emmett-Teller (BET) specific surface area in a range of 1000-2000 m
2
/g 
and a pore size distribution between 2-5 nm [68]. However, EDL capacitors have 




has been focused on increasing energy density without sacrificing cycle life or high 
power density.  
 
1.3.2 Pseudo supercapacitors 
One of the ways to improve the energy density of supercapacitors is to have a rapid 
redox reaction during the polarization process. Many materials have been investigated 
as the electrode materials, including high surface area carbon materials, metal oxides, 
and conducting polymers, as seen in Figure 1.18. It is clear that conducting polymer 
electrodes give the highest specific capacitance among all the carbon-based and oxides-
based electrodes. The high specific capacitance of pseudo-capacitors has made them 
become the best candidate to fill in the gap between the batteries and ECs.  
The most common metal oxides used in the supercapacitor electrodes are RuO2, 
MnO2, CuO, and NiO [72-74]. These materials were chosen because of their relatively 
rapid redox reactions. Among these oxide materials, RuO2 exhibits the highest specific 
capacitance of 730 F/g. However, its applications are limited due to the toxicity and 
high cost. Both the NiO and MnO2 have also been reported to have pseudocapacitive 
behaviors with limited improvement in specific capacitance. The efficiency of gained 
specific capacitance is low due to the high resistance between the electrode materials 
and the current collectors. 
The conducting polymers used in supercapacitors are polyanilines (PANIs), 
polypyrroles (PPYs), and polythiophene (PTs) [75-77]. The conducting polymer 
electrodes generate much higher specific capacitance than the metal oxides, as seen in 
Figure 1.18. These materials, despite their large specific capacitance values, have been 




capacitance of the conducting polymers decays rapidly within 20 cycles due to the 
electrode degradation [76].  
 
1.3.3 Theories of impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) has become one of the most popular 
analytical tools in materials research. EIS is an extraordinarily versatile and informative 
technique to study electrochemical kinetics and conduction mechanism for various 
materials [78]. The fundamental concept of EIS comes from Ohm’s Law which defines 





                                                                         (1.20) 
 
An ideal resistor follows Ohm’s Law at all current, voltage, and AC frequency 
levels. A non-ideal resistance is called impedance which takes phase differences 
between input voltage and output current into account [78]. A sinusoidal current 
responses to a sinusoidal input voltage with a phase shift, as seen in Figure 1.19.  
The voltage signal V(t) is a function of time t and radial frequency ω 
 
𝑉(𝑡) = 𝑉𝐴 sin(𝜔𝑡)                                                           (1.21) 
 
The current I(t) is shift in phase ϕ 
 




Using Euler’s relationship, it is also possible to express the potential and current as 
complex functions  
 
𝑉(𝑡) =  𝑉𝐴𝑒
𝑖𝜔𝑡                                                           (1.23) 
𝐼(𝑡) =  𝐼𝐴𝑒
𝑖𝜔𝑡−𝑖𝜙                                                       (1.24) 
 






𝑖𝜙 = 𝑍𝐴(𝑐𝑜𝑠𝜙 + 𝑖𝑠𝑖𝑛𝜙) = 𝑍𝑅𝐸𝐴𝑙 + 𝑖𝑍𝐼𝑀                   (1.25) 
 






     𝑜𝑟    𝜙 = arctan (
𝑍𝐼𝑀
𝑍𝑅𝐸𝐴𝐿
)                                   (1.26) 
 
1.3.3.1 Basic RC circuit 
A basic R|C circuit (Figure 1.20) is characterized by a capacitance C that only 
allows high AC frequency current to pass through with an impedance Z=1/ωC and a 
finite resistor which only passes through low frequency current. At the low frequency 
(ω~0) the capacitance impedance Z=1/ωC becomes very large and rejects the current 

















                                                      (1.28) 
 
Interesting, although R is frequency independent, Z REAL is frequency dependent. At 
high frequency ZREAL = 0 and low frequency ZREAL = R. On the other hand, ZIM = -1/ωC 
at high frequency and ZIM = 0 at low frequency.  
 
1.3.3.2 Randles circuit 
A Randles circuit is used for many aqueous and ionic systems. It includes a solution 
resistance RSOL, and a R|C circuit of a double layer capacitor CDL with a charge transfer 
resistor RCT, as seen in Figure 1.21.  
 
 







= 𝑍𝑅𝐸𝐴𝐿 + 𝑖𝑍𝐼𝑀               (1.29) 
 
The solution resistance RSOL can be determined as the intercept of the X-axis at very 
high frequency. The x-axis intercept at low frequency is Z REAL = R SOL+ R CT. The 
charge transfer resistor RCT is controlled by Faradaic reaction between the electro-active 
materials and the solution ions. The charge transfer resistor RCT takes into account of all 





1.3.3.3 Mixed charge transfer and diffusion controlled applications 
Diffusion and charge transfer are usually coupled. A typical electrochemical 
reaction is a combination of mass transfer of charged species to the electrode surface 
and their redox discharge at the electrode surface [78]. Figure 1.22 shows an equivalent 
circuit for a typical electrochemical cell.  





                                                               (1.30) 
 
where R is gas constant, T is temperature, z is number of electrons, F is Faraday 
constant, and i0 is the exchange current density.  
The Warburg diffusion component can be derived as  
 
𝑍𝑊 (𝜔) =  
𝜎𝐷(1−𝑖)
√𝜔
                                                      (1.31) 
 
where σ D is the Warburg diffusion coefficient.  
The overall impedance is  
 
𝑍(𝜔) = 𝑅𝑆𝑂𝐿  + 
𝑅𝐶𝑇+𝑍𝑊
1+𝑖𝜔𝐶𝐷𝐿(𝑅𝐶𝑇+𝑍𝑊)
                                          (1.32) 

















































          
(1.34)    
This complex EIS model provides an operational principle to analyze the mechanisms 
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Figure 1.2. Schematic of a graphite/Li
+
 electrolyte/LiCo2O2 battery. Current flow 















Figure 1.4. LiTi2(PO4)3 crystal structure with blue spheres represent Li atoms, yellow 








Figure 1.5 Nyquist plot for Li1.3Al0.3Ti1.7(PO4)3 thin film at room temperature. 














Figure 1.7. Nyquist plots for LLTO thin film with various postannealing temperatures. 







Figure 1.8. Nyquist plots for LiPON thin film measured at various temperatures. 






Figure 1.9. Crystal structure of a) cubic LLZO, b) tetrahedral LiO4 site, c) octahedral 






Figure 1.10. Crystal structure of a) tetragonal LLZO, b) tetrahedral LiO4 site, c) two 













Figure 1.12. Schematic representation of a Fe
2+
 vacancy in FeO that results from the 








Figure 1.13. Schematic of ion diffusion in a) regular crystal structure, b) enlarged lattice 






Figure 1.14.  Schematic of activation energy for ion migration a) without external field, 
b) with 45
o







Figure 1.15. Schematics of a) EDL formation between two parallel electrodes, b) 



































































Figure 1.22.  Schematics of a) circuit diagram for a mixed charge transfer and diffusion 





Table 1.1 Requirements of batteries for hybrid vehicle and EV 
 
 Energy density 
(Wh/kg) 
Weight of the 
battery (Kg) 
Distance on one 
charge (Km) 
Hybrid Vehicle 40-50 60 15 











No maintenance required  Degrade at high temperature 
Long cycle life High cost 
Low self-discharge rate Large capacity loss when over charged 
High power discharge capacity Need for protective circuit 







Table 1.3 List of Li ion battery anode materials and their properties 
 
Materials Theoretical specific capacitance 
(mAh/g) 
Potential vs Li (V) 
LiAl [6] 993 0.18 
Li9Al4[6] 2234 0.6 
Li22Sn5[6] 994 0.9 
Li3Sb[6] 536 0.3 






Table 1.4 List of Li ion battery cathode materials and their properties 
 
Cathode Diffusivity (cm2/s) Crystal structure 
LiCoO2 8x10
-8
 Layered structure 
LiMn2O4 3.4x10
-8
 Spinel structure 
LiFePO4 1.6x10
-9


































Table 1.6 List of Li ion battery organic electrolytes and their properties 
 
 Melting point (oC) Viscosity (mPa*s) Conductivity 
(S/cm) 
LiBF4 -82 233 0.0173 
LiPF6 -61 312 0.0146 
LiCF3SO3 16 90 0.037 
LiCF3CO2 -50 73 0.032 






Table 1.7 List of properties for trivalent ion doped Li1+xTi2-xRx(PO4)3 compound 
R Li ionic conductivity at room 
temperature (S/cm) 










Al, Si [21] 3.8x10
-4
 N/A 








Table 1.8 List of synthesis methods for LLZO 
 
Synthesis Method 












Solid State [65] 10 % 1253 K for 5 hours Tetragonal 1.6x10-6 0.54 
Solid State [57] 10 % 1503 K for 36 hours Cubic 1.8x10-4 N/A 






Table 1.9 Published data on the capacitive performance of carbon materials 
 
Electrode materials Specific capacitance (F/g) 
Activated carbon [69] 198 
Carbon fiber [70] 50 
Porous Carbon[71] 200 
















We are presenting our  novel results on pulsed laser processing of garnet based 
SSEs, specifically Li7La3Zr2O12 (LLZO). LLZO powders with a tetragonal structure 
were prepared by a sol-gel technique, then a pulsed laser annealing process was 
employed to covert the powders to cubic LLZO without any loss of lithium. The 
tetragonal LLZO exhibited a Li ion conductivity of 1.8x10
-7
 S/cm, whereas the laser 
annealed cubic LLZO showed a Li ion conductivity of 1.0x10
-4
 S/cm at room 
temperature. A systematic study of the effect of pulsed laser annealing (PLA) on the 
crystal structure, morphology, composition, and ionic conductivity of LLZO was 
performed via X-ray diffraction (XRD), scanning electron microscopy (SEM), energy 
dispersive X-ray spectroscopy (EDS), and electrochemical impedance spectroscopy 
(EIS) measurements. These results demonstrate that PLA is a powerful processing 
technique for synthesizing the high ionic conductivity cubic phase of LLZO at relatively 
low temperatures, as compared to conventional methods. 
                                                 
1
 This chapter is based on the paper entitled “Recent developments in garnet based solid 
state electrolytes for thin film batteries,“  published in the Current Opinion in Solid 





                                                                       
 
2.2 Introduction 
Lithium ion batteries (LIB) are important for a wide variety of applications, 
spanning from portable electronics and hybrid automobiles to large-scale electrical 
power storage systems [1, 2]. These batteries offer a number of advantages over other 
families of batteries, such as: high energy density, long cycle lifetime, no memory effect, 
and a wide range of operating temperatures. Currently, the Li ion electrolytes used in 
LIBs are referred to as “hybrid electrolytes” because they couple a polymer with an 
organic solvent to induce a very high ionic conductivity in the range of 10
-1
 S/cm. 
However, these liquid electrolytes suffer from very serious drawbacks such as 
flammability, leakages, and the formation of dendrites in the electrodes.  
In this respect, solid state Li ion conductors have garnered interests as substitutes for 
the liquid electrolytes. Recently, cubic garnet structure Li7La3Zr2O12 (LLZO) has been 
reported to have a high Li ion conductivity of 4x10
-4 
S/cm at 298 K [1], which is 
comparable to, or even greater than, other well-known fast Li ion conductors such as 
Li3N, Li-β-Al2O3, or  lithium phosphorous oxynitride (LIPON) [2-5]. However, the 
detailed crystal chemistry of Li-oxide garnets is not well understood, nor is the 
relationship between the crystal chemistry and the conduction behavior. LLZO has two 
phases: cubic and tetragonal [6-9]. The cubic phase has an ionic conductivity of 4 × 10
-
4
S/cm [1,6], whereas the tetragonal phase conductivity is only 3.12× 10
−7
 S/cm [7].  
Li7La3Zr2O12 compounds with garnet structure were first reported by Murugan et al. 
and were synthesized by solid state reaction at an ultra-high temperature of 1503K [3]. 
Due to these incredibly high temperatures, others have sought alternative routes 
including sol-gel synthesis to circumvent these constraints. Several reports describe the 
synthesis and characterization of LLZO using solid state and sol-gel techniques [3-7]. 
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From Table 2-1, it can be seen that high sintering temperatures (1453 K or above) are 
required to fabricate cubic LLZO by both solid state as well as sol-gel processes. The 
high sintering temperature also results in a coarsening of the microstructure and an 
increase in the grain boundary conductivity. However, the high processing temperature 
causes lithium deficiencies in the structure; so extra lithium is required to compensate 
for lithium losses during high temperature sintering.  
Several reports have suggested that introducing extrinsic impurities into LLZO 
during processing would increase the ionic conductivity. One type of impurity 
introduced in LLZO is aluminum. Some results of the Al doped LLZO are listed in 
Table 2-2 [8-11]. The 1wt% Al doped LLZO has a conductivity of 4.0x10
-4
 S/cm, 
which is close to the highest reported ionic conductivity for nondoped cubic LLZO [9]. 
It is observed that a critical concentration of Al can be used to stabilize the cubic LLZO 
at lower temperatures, thereby preventing lithium losses that occur as a result of high 
temperature sintering. The Al dopant provides two main improvements in the formation 
of the cubic LLZO. First, the Al atom acts as a sintering aid to lower the processing 
temperature [12]. Second, Al atoms substitute in both the tetrahedral and octahedral Li 
sites, which increases the Li vacancy concentration, facilitating Li transport [13]. 
In order to further elucidate the phase stability and conductivity behaviors of LLZO, 
the effects of other dopant cations such as Ga have been investigated by several groups. 
The reported ionic conductivities for Ga doped LLZO are in the range of 10
-4
 S/cm [14, 
15]. The highest ionic conductivity of 5.4x10
-4
 S/cm was reported for 1 mole Ga doped 
LLZO [14]. The Ga doped LLZO has a higher ionic conductivity than the Al doped 
LLZO that can be explained by the relative size of Ga
3+
 compared to Al
3+
. Doping with 
the larger Ga ions results in a larger lattice opening, thereby enhancing Li ion transport. 
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The site preference of Ga was not examined, but it can be assumed that Ga behaves in a 
similar manner as Al, occupying both the tetrahedral and octahedral sites.  
The mechanisms of how dopants enter and influence the LLZO material are still 
unknown and the stability of doped LLZO has not been thoroughly investigated yet. 
There is possibility that secondary phases introduced by the dopant could severely 
affect the stability and performance of the electrolyte. In addition, these experimental 
studies indeed indicate that the formation of the cubic LLZO is generally associated 
with a significant amount of Li loss during the high temperature sintering process [9, 
15-17]. Therefore, it is important to develop an alternative method to fabricate LLZO 
that is not reliant on the use of dopant. 
Lasers provide a noncontact method of energy transfer, which can be easily 
controlled and localized [18]. Pulsed laser annealing is very different from conventional 
annealing in that the effective heating time in pulsed laser annealing is on the order of 
nanoseconds as opposed to furnace annealing (>10000 s). The rapid heating and cooling 
does not provide sufficient time for Li atoms to evaporate from the sample via 
diffusion. Thus the lithium cannot escape from the LLZO during laser annealing, 
despite its large diffusion coefficient. Very high local temperatures as well as incredibly 
fast heating and quenching rates are the characteristics of pulsed laser annealing; this 
makes lasers ideal for annealing LLZO.  
 
2.3 Experimental procedure 
A sol-gel synthesis method was used to fabricate the LLZO powder. For this, 
Li2CO3 (99%), La2O3 (99%), and Zr(NO3)2.6H2O (99%) were dissolved in nitric acid to 
prepare a precursor solution. The molar ratio between Li, La, and Zr was maintained at 
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7:3:2. Citric acid (99.5%) and ethylene glycol (in the molar ratio of 60:40) were added 
to the precursor solution to serve as a chelating agent. The pH of the precursor solution 
was adjusted to a value of 2. The resulting precursor solution was then heated at 200°C 
until it turned to a solidified white powder. The powder was then crushed and calcined 
at 1000°C for 10 hours (at 1°C/minute ramp rate) in a box furnace. After calcination, 
the powder was pressed into a 1” diameter pellet using a cold iso-static press by 
applying a load of 350MPa for 7 minutes. 
For laser annealing, a KrF Compex Pro pulsed laser from Lambda Physik Inc. was 
used. The pulse duration was 25 ns and a pulse repetition rate of 1 Hz was utilized. In 
order to achieve a uniform illumination, a beam homogenizer was placed between the 
laser and the sample. The energy fluence was varied between 125 and 700 mJ/cm
2
. The 
size of the laser beam was kept slightly larger than the sample size so that the entire 
sample area was irradiated under the same conditions. After each laser irradiation, the 
top surface of the pellet (which changes its color from white to light brown) was 
carefully scratched off using a razor blade.  The collected laser annealed powder was 
pressed into a half inch diameter pellet.  
 
2.4 Results and discussion 
2.4.1 Crystal structure and morphology 
The X-ray diffraction (XRD) patterns for the various LLZO samples are shown in 
Figure 2.1 The observed peaks were indexed using reported crystallographic data for 
LLZO garnets [19]. The XRD pattern of the as-prepared LLZO showed a tetragonal 
phase [4, 6, 13, 14, 20]. Upon pulsed laser annealing, the diffraction patterns changed 
gradually as a function of incident laser shots (each with an energy ﬂuence of 125 
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) to a phase of cubic symmetry [9, 17]. The (211) peak splitting at 2θ=16.7o and 
the (420) peak doublet at 2θ=30.5o are the characteristics of LLZO with a tetragonal 
structure as shown in Figure 2.1 [9]. As can be seen in Figure 2.2a, with increased 
number of laser shots, the (211) peak splitting disappears and peak intensity increases. 
Similarly, with increased laser shots, the peak doublet and peak splitting centered at 
2θ=30.5o merge into one well-defined peak and the intensity of the (420) peak increases 
dramatically and becomes the peak of 100% intensity (see Figure 2.2 b). All these 
results show that laser annealing is a very efficient technique for transforming the 
tetragonal LLZO to cubic phase.  
A representative cross-sectional micrograph of a laser annealed LLZO sample (15 
laser shots at fluence of 125mJ/cm
2
) is shown in Figure 2.3. The laser penetration depth, 
as determined by measuring the height difference between the laser annealed brown 
surface and the white surface beneath it, was ~ 40 m. SEM analysis showed that there 
was no significant grain size change before and after laser irradiation. This implied that 
the 25 ns heating time (i.e., the width of laser pulses) did not provide enough time to 
induce serious atomic-scale interdiffusion among the grain. At the same time, the 
energy supplied to material is sufficient to transform the LLZO from the tetragonal to 
cubic phase without melting the grains on the surface. 
Figure 2.4 shows elemental mapping in LLZO after laser annealing. Lithium in the 
LLZO cannot be detected by EDS technique; however, the composition of the other 
elements can be revealed. Our EDS results showed that La, Zr, and O elements are 
evenly distributed throughout the cross-section with no phase separation or non-
stoichiometric area. For comparison, elemental mapping was performed on the un-
irradiated bulk section of the sample too; see Figure 2.5. The atomic ratios of 
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lanthanum-to-zirconium-to-oxygen were found to be quite similar on the surface as 
well as in the bulk of the pellet and very close to the values expected in stoichiometric 
material (see Table 2-3). This indicates that even though the laser-annealing turns 
tetragonal LLZO to cubic phase, the composition of the material does not change. 
 
2.4.2 Electrical properties 
The room temperature AC conductivity results for the tetragonal and the laser-
annealed cubic LLZO are shown in the complex impedance Nyquist plots in Figure 2.6. 
The solid lines in Figure 2.6 represent ﬁtted data based on an equivalent circuit model 
of (RtotalQtotal)Rel, where Rtotal is the total resistance, Qtotal is the total constant phase 
element, and Rel is the resistance of the electrolyte, respectively [6, 19]. Both of the 
impedance spectra show a semicircle in the high frequency range which gives the total 
ionic resistance. The total ionic conductivity of the tetragonal LLZO is 1.8x10
-7
 S/cm 
which is comparable to the reported total ionic conductivity for the pure tetragonal 
LLZO[21].  The total ionic conductivity of the laser annealed cubic LLZO is 1.6x10
-5
 
S/cm which is about two orders of magnitude higher than that for the tetragonal LLZO. 
However, still the total ionic conductivity of the laser annealed cubic LLZO is lower 
than the values reported by Shimonishi et al. and Murugan et al. [3, 7]. The low ionic 
conductivity for the laser annealed cubic LLZO was attributed to the fine grain structure 
of the material which results in a low density of 4.55 g/cm
3
 compared to the theoretical 
value of 5.098 g/cm
3
 [4].  
 In general, the solid state ionic conductivity has a close relationship with grain size; 
the material with large grains and fewer grain boundaries usually has higher 
conductivity. To improve the ionic conductivity of the laser annealed LLZO, a follow-
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up experiment was conducted with higher laser pulse energies. It was observed that 
when laser energy is increased, grain starts to grow (see Figure 2.7). The average grain 
size was found to increase from 4μm for 125mJ/cm2 to 8μm for 600mJ/cm2.  On further 
increasing the laser pulse energy to 700mJ/cm
2
, slight melting at the grain boundaries 
occurred which enhanced the connectivity between the grains. Figure 2.8 shows EIS 
data for high energy annealed LLZO sample. The total ionic conductivity of this sample 
was determined as 1.0x10
-4
 S/cm which is comparable to the highest ionic conductivity 
for the pure cubic LLZO reported by Murugan et al. [3]. 
 
2.5 Conclusion 
Rechargable lithium ion batteries have emerged as the most prevalent medium for 
electricity storage  in portable electronic devices due to their light weight, flexibility,  
and high energy density. These batteries are also considered very useful for their 
potential application in next-generation hybrid electric vehicles. However, a major 
drawback that plagues the application of these batteries is their flamability, specifically 
that of liquid electrolytes. To overcome the aforementioned shortcoming, an extensive 
amount of research has been performed to develop high ionic-conductivity solid state 
electrolytes. A wide spectrum of electrolyte materials reviewed here demonstrates that 
LLZO garnets are the most favorable electrolyte materials for designing solid state 
lithium ion batteries, both due to their high ionic conductivities and overall 
compatibilities with current LIBs, specifically Li metal. LLZO exists in two 
crystallographic phases, cubic as well as tetragonal. The cubic phase of LLZO exhibits 
higher ionic conductivity compared to tetragonal phase. However, the synthesis of cubic 
LLZO requires sinterring at very high temperatures which results in lithium deficiencies 
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and also limits its application. A way to overcome this problem is by doping LLZO with 
extrinsic dopants such as Al or Ga which lower the sintering temperature required to 
achieve cubic phase. However, the reduction in sinterring temperature comes with a 
new problem of secondary phase precipitation which can hinder the ion transport in the 
material. In the present study, we are reporting a pulsed laser annealing process of 
converting tetragonal LLZO to cubic LLZO at room temperature without any extrinsic 
dopants. The room temperature ionic conductivity for the laser annealed cubic LLZO 
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Figure 2.1. XRD patterns of LLZO as a function of number of laser shots with 






                                                                       
 
 
Figure 2.2. XRD patterns of LLZO as the function of number laser shots for: a) (211) 








Figure 2.3. A cross-sectional SEM image of the 15 laser shots at 125mJ/cm
2
 laser 




                                                                       
 
 
Figure 2.4. Elemental mapping of lanthanum, zirconium, and oxygen on the laser 




                                                                       
 
 





                                                                       
 
 
Figure 2.6. Nyquist plots of the AC impedance spectra for: a) the tetragonal LLZO, b) 




                                                                       
 
 













                                                                       
 
 
Figure 2.8. Nyquist plots of the AC impedance spectra for the laser annealed cubic 




                                                                       
 
Table 2.1 Methods for synthesizing LLZO 
 
Synthesis Method 












Solid State [3] N/A 1503K  for 36 hours Cubic  3x10
-4
 0.3 
Solid State [4] 10 % 1253 K for 5 hours  Tetragonal 1.6x10
-6
 0.54 
Solid State [5] 10 % 1503 K for 36 hours Cubic 1.8x10
-4
 N/A 
Sol Gel [6] N/A 1346K for 5hours Tetragonal 3.1x10
-7
 0.67 
Sol Gel [7] 10 % 1453 K for 36hours Cubic 5.6x10
-4
 0.80 







                                                                       
 
Table 2.2 A list of experimental results for Al doped LLZO 
 
Amount of Al Doped 
in Process 








0.9% [8] 1403 K for 12 hours Cubic 3x10-4 0.34 
1% [9] 1273K for 4hours Cubic 4x10-4 0.26 
1.2% [10] 1373K  for 6 hours Cubic  2x10-4 N/A 





                                                                       
 
Table 2.3 Elemental ratio for the laser annealed surface and bulk of the LLZO sample 
 
 Annealed Surface (I) Bulk (II) 
La Zr O La Zr O 
Atomic % 16.0% 12.51% 71.49% 17.71% 11.12% 71.17% 
Integration Error 1.84 1.24 1.91 1.06 3.77 1.59 














The lithium solid state electrolyte (SSE) of Li5La3Nb2O12 (LLNO) was synthesized 
via a novel molten salt synthesis (MSS) method at the relatively low temperature of 
900°C. The low sintering temperature prevented the loss of lithium which commonly 
occurs during synthesis of the SSE using conventional solid state or wet chemical 
reactions. Recent publications have demonstrated that preserving the Li content is 
critical in improving the ionic conductivity of SSEs. The LLNO in this experiment 
showed a high Li-ion conductivity which is comparable to the values reported for 
LLNO. X-ray diffraction (XRD) measurements confirmed the formation of the cubic 
garnet Ia-3d crystal structure. In addition, the morphology was examined by scanning 
electron microscope (SEM), which showed a uniform grain size and crack free 
microstructure. These results demonstrate that the MSS is a powerful synthesis method 
to fabricate LLNO at a relatively low temperature while still achieving a high quality 
material. 
                                                 
2
 This chapter is based on the paper entitled “Novel low temperature molten salt 
synthesis of a Li5La3Nb2O12 solid state electrolyte and its properties,“ submitted to the 








Today’s huge demand for high-efficiency and carbon-free energy storage has 
motivated research on Li ion secondary batteries with high energy density and power 
density. Current Li ion batteries employ organic liquid polymers as the electrolyte 
materials, but these have some disadvantages, i.e., fire hazard and limited 
environmental compatibility. It is expected that all solid state lithium batteries, 
consisting of solid electrodes and solid electrolytes, will be able to overcome the safety 
problems of current lithium ion batteries [1]. Among all of the solid state electrolytes, 
garnet structured compounds such as Li7La2Zr3O12 (LLZO) and Li5La2Nb3O12 (LLNO) 
have attracted much attention because of their cubic structure (space group Ia-3d) and 
high Li ion conductivity (above 10
-6
 S/cm) [1-4]. However, it has been reported that 
LLZO has stability issues when exposed to moisture; this has made LLNO the best 
candidate for a stable and high performance Li ion battery solid state electrolyte [5].  
The good chemical stability and high ionic conductivity of LLNO are attributed to 
its garnet cubic structure. In the garnet cubic LLNO solid electrolyte, 1/3 of the Li 
cations occupy octahedral sites and the remaining 2/3 of the Li cations reside in 
tetrahedral sites [6, 7]. It has been suggested that the Li mobility is dominated by the Li 
ions in octahedral sites, and it has been shown that an increased number of Li octahedra 
leads to increase in the ionic conductivity [6, 8, 9]. Several studies have also reported 
that introducing large extrinsic impurities, such as In and K, into LLNO during 
processing can open the ion transport pathways and further increase the ionic 
conductivity [10, 11]. 
However, the general process to fabricate LLNO is usually either via a solid state 





high temperatures (above 1100
o
C) for long periods of time (above 24 hours) in order to 
achieve high Li ion conductivity [3, 8, 10, 11]. The high sintering temperature and long 
sintering time can cause the Li to evaporate during the process. A Li deficiency in 
LLNO can significantly reduce its ionic conductivity. In this paper, we demonstrate the 
use of a novel, molten salt synthesis (MSS) method to fabricate garnet cubic LLNO 
with high Li ion conductivity. 
 
3.3 Experimental procedure 
Li5La3Nb2O12 was prepared by mixing stoichiometric amounts of Li2O (Alfa-Aeser 
99.5%), La2O3 (Alfa-Aeser 99.9%), and Nb2O5 (Alfa-Aeser 99.9%) to obtain a total 
precursor powder weight of 5g. In order to melt the mixture at the eutectic temperature, 
20g of Li2CO3 (Alfa Aeser 99.9%) was added to act as the molten salt. Since the 
eutectic temperature of Li2O and Li2CO3 is 705
o
C [14], as seen in Figure 3.1, the mixed 






C for 6 hours to result in crystal 
formation. Next, the samples were placed into a 1M HCl aqueous solution to dissolve 
the Li2CO3. The solution was then filtered and dried at room temperature. X-ray 
diffraction experiments were carried out to characterize the phase formation of the 
samples with a Philips X’PERT X-ray Diffractometer using Cu Kα radiation. The 
measurements were performed from 2θ=10o to 90o with a step size of 0.02o. Analysis of 
powder diffraction patterns was carried out using the Rietveld analysis technique. 
The resultant powders were ground and pressed into ½” pellets using a uniaxial 






C for 3 
hours, in order to have the grain growth necessary to achieve high ionic conductivity. 





scanning electron microscopy (SEM) (Hitachi S-3000N). Au was sputter coated on the 
top and bottom surfaces of the pellet to serve as Li ion blocking electrodes for ionic 
conductivity measurements which were performed by using a Gamry Reference 600
TM
 
Instrument over the frequency range of 10
6 
to 0.1 Hz. 
 
3.4 Results and discussion 
3.4.1 Crystal structure 







for 6 hours are shown in Figure 3.2. The patterns were then indexed according to the 
LLNO garnet cubic structure (JCPDS 00-045-0109). The diffraction pattern of the 
precursor powder sintered at 700
o
C contained a mixture of LLNO, La2Zr2O7 (JCPDS 
00-017-0450), Li2O (JCPDS 01-074-6256), La2O3 (JCPDS 00-022-0641), and Nb2O5 
(JCPDS 00-005-0352). It is clear that 700
o
C could only transform part of the precursory 
powder into LLNO. The diffraction pattern of the powder sintered at 800
o
C has 
characteristic peaks for garnet cubic structure with a peak shouldering at 2θ = 31.5o 
indicating that a nonperfect structure was formed. On the other hand, the XRD of the 
precursor powder sintered at 900
o
C matches very well with the garnet cubic structure of 
LLNO. This result suggested that the lowest MSS temperature to form the proper garnet 





The crystallized LLNO powders (sintered at 900
o
C) were pressed into ½” pellets 
and heat-treated at different temperatures to have grain growth. The SEM images for the 










C led to the average grain size growing from 20 μm to 60 μm. This 
result suggested that although the MSS was able to synthesize LLNO at lower 
temperature, higher temperature annealing is still required to have a proper grain 
growth. However, the overall sintering time for the proper grain growth is only 3 hours 
which is much shorter than the reported 24 hours. 
 
3.4.3 Electrochemical properties 
The impedance plots for the Au plated LLNO pellets are shown in Figure 3.4. All 
impedance spectra have a distorted semicircle in the high frequency regime and a tail in 
the low frequency regime. The distorted semicircle revealed the effects of the total ionic 
conductivity (bulk + grain boundary) and the tail was contributed by the diffusion of the 
mobile Li ion.  
The overall behavior of the impedance spectra was fit with an equivalence circuit of 
(RtotalQtotal)Rel, where Rtotal is the total resistance, Qtotal is the total constant phase 
element, and Rel is the resistance of the electrolyte, respectively. The determined ionic 
conductivities for the annealed pellets are presented on top of the impedance spectra. It 










While the sintering temperature was further increased to 1200
o
C, the ionic conductivity 
has a smaller increment to 2.5x10
-5
 S/cm which is higher than the highest ionic 
conductivity (1.0x10
-5








We have shown that it is possible to fabricate LLNO solid state electrolyte by using 
MSS at relatively low temperatures. The XRD data showed the garnet cubic LLNO was 
formed at 900
o
C. However, in order for the garnet cubic LLNO to obtain high ionic 
conductivity, further sintering to have grain growth is necessary. The Li ion 
conductivity was found to be increased with increasing sintering temperature and the 
grain growth was evidenced by SEM images. Among the investigated sintering 









 S/cm, respectively, which are better than the 
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4.1 Abstract  
Three-dimensional network structures with interconnected microchannels were 
formed through the carbonization of three different varieties of wood. Retention of the 
original wood’s structure was confirmed using SEM. Performance of these carbonized 
wood structures was tested for their application as supercapacitor electrodes. From 
charge-discharge cycling in a KOH electrolyte solution, a maximum energy density of 
~45.6 Wh/kg (discharge current of 200 mA/g) and a maximum power density of ~2000 
W/kg (discharge current of 4000 mA/g) were obtained. At the highest charge-discharge 
current density (4000 mA/g), the sandalwood retained the highest energy density with a 
value of 14.5 Wh/kg. The carbonized wood electrodes exhibited excellent cyclability, 
with 99.7% of the specific capacitance being retained after 2000 cycles. These 
remarkable results demonstrate the exciting commercial potential for carbonized wood-
based materials as inexpensive, high performance supercapacitor electrodes. 
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 This chapter is based on the paper entitled “Carbonized Wood for Supercapacitor 





                                                                      
 
4.2 Introduction 
Research on novel energy storage devices such as high capacitance batteries and 
supercapacitors has attracted significant attention in recent years [1, 2]. Traditional 
batteries have a low power density (i.e., slow charge-discharge rates) and a high energy 
density, whereas conventional dielectric capacitors possess a high power density but 
lack a large energy density. It is necessary to develop systems which can simultaneously 
provide high energy density as well as high power density [1]. The electrochemical 
supercapacitor is considered a potential candidate for such a system due to its high 
power density and reasonably good energy densities [3, 4]. Currently, research in 
supercapacitors is focused on increasing their energy densities further and lowering 
their overall production costs by finding suitable electrode materials [5, 6].  
Among various supercapacitor systems investigated so far, carbon-based 
supercapacitors have been shown to have many advantages over other commonly used 
materials. This is due to their environmental friendliness, low cost, large capacitance, 
and large cycle stability [4, 5]. Porous carbon-based materials were the first to be 
explored for their application in supercapacitors. However, in spite of its large surface 
area which results in high specific capacitance, porous carbon’s low electrical 
conductivity has limited its use in supercapacitors [3, 7]. Carbon nanotubes (CNTs)-
based electrodes were proposed to overcome the above limitation because of CNT’s 
large electrical conductivity [8]. Despite this advantage, the use of CNTs in 
supercapacitors has been limited due to the presence of a high contact resistance 
between the supercapacitor electrode and current collector [3]. Activated carbon has 
also been explored for making supercapacitor electrodes due to its interconnected, 
microporous structure which yields a large surface area. However, even though 
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activated carbon possesses a large surface area, a large portion of the pores are 
nanopores (diameter < 2nm) and as such are not fully accessible to electrolyte ions [5, 
9].  
Graphene-based supercapacitors have also attracted significant attention recently 
because of their high reported specific capacitance of 205 F/g in aqueous KOH [10]. 
However, their use in superconductors is limited due to the lack of process control 
during synthesis which can result in graphene layers aggregating together and even 
stacking on top of one another due to van der Waals interactions [11-14].  
Wood is an abundant, environmentally friendly material which can be carbonized at 
high temperatures under a nitrogen atmosphere to preserve its interconnected, 
multichannel porous structure. This interconnected, multichannel structure supplies a 
large surface area for ion contact. Wood’s microporous channels have diameters 
ranging from tens of nanometers to hundreds of micrometers [15, 16]. The larger pores 
are large enough  that electrolyte ions can easily commute in the channels, facilitating 
the formation of the electrical double layer (EDL) [17]. For nanopores, 
however, pore curvature must be accounted for, resulting in charge accumulation in the 
center of the pore [17]. However, it is expected that nanopores have little contribution to 
specific capacitance at high current densities because the pores are not fully accessible 
to the electrolyte ions [5, 9]. In order to fully understand the effect of pore size on 
capacitance, we have carbonized three different types of wood, each with different 
ratios of various sized pores, and fabricated supercapacitor devices using these pieces of 
carbonized wood as electrode materials. A thorough investigation of their performance 




                                                                      
 
4.3 Experimental procedure 
The carbonized wood electrodes were synthesized from three different types of 
wood, namely beech wood, pine wood, and sandalwood. These woods were selected as 
they provide a wide variety of multichannel microstructures, with varying ratios of 
different micron sized channels. In the initial preparations, the wood pieces were boiled 
in 1M ammonia solution for 5 hours to remove the resin and any impurities. The boiled 
samples were then transferred to a box furnace for dehydration at 120
o
C for 3 hours, 
after which they were carbonized by heating under N2 at 800
o
C for 2 hours.  
Scanning electron microscopy (SEM) measurements were carried out using an FEI 
Quanta 600F SEM. Bulk samples were cut in half along the axis in order to examine 
cross-sections; axial images were taken from the top surface of bulk samples. Images 
were taken at varying magnifications in both the axial and radial directions in order to 
effectively compare the ratio of different pore sizes in each type of wood. 
The internal surface area of the samples was measured from N2 
absorption/desorption at 77K via the Brunauer–Emmett–Teller (BET) method using a 
Gemini V Analyzer. Electrochemical and specific capacitance measurements of the 
supercapacitor electrodes were conducted in a three electrode system with the 
carbonized wood as the working electrode, platinum foil as the counter electrode, and 
Ag/AgCl as the reference electrode. The cyclic voltammetry (CV), galvanostatic 
charge-discharge, and electrochemical impedance spectroscopy (EIS) were tested using 
a Gamry Reference 600. The CV response of the electrodes was measured at scan rates 
varying from 2 mV/s to 200 mV/s. Galvanostatic charge-discharge testing was carried 
out at varying current densities between 0 and -1.0 V in a 2M KOH aqueous electrolyte 
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solution. Electrochemical impedance spectroscopy measurements were carried out over 
the frequency range from 200 kHz to 0.1 Hz. 
 
4.4 Results and discussion 
4.4.1 Morphological studies 
The SEM images of the carbonized woods, in both the axial and radial directions, 
are shown in Figure 4.1. From these images, it is clear that the carbonization process 
preserved the three-dimensional, multichannel structures. The radial SEM images, as 
seen in Figure 4.1 (a,c,e), show that interconnected parallel channels exist for all the 
samples. The axial SEM images, Figure 4.1 (b,d,f), showed that the pore diameters 
range from about five micrometers to several hundred micrometers, depending on the 
type of wood used.  
 Beech wood has a large variety of pore sizes, with approximately 13% of the 
pores ranging from 50 to 100 μm in diameter with the rest of the pores in the range of 5 
to 8 μm, as seen in Figure 4.1 b. Pine wood has a very uniform microstructure, with 
approximately 97% of the pores in the 10 μm range and only 3% of pores with ~80 μm 
diameters, as seen in Figure 4.1 d. The sandalwood has a porous structure with 
approximately 46% of the pore diameters in the 40 μm range with the remainder in the 
5 μm range, as seen in Figure 4.1 f. Table 4-1 summarizes the specific surface area of 
the carbonized wood electrodes. Pine wood has the highest specific surface area of 76 
m
2
/g compared to 44 m
2
/g and 38 m
2





                                                                      
 
4.4.2 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) was used to examine the electrical 
properties of the carbonized wood. The impedance was measured over a frequency 
range from 200 kHz to 0.1 Hz. Figure 4-2a shows the Nyquist plots for the different 
electrodes. The imaginary component (Z') shows the capacitive properties whereas the 
real component (Z) shows the ohmic behavior of the samples. All the impedance spectra 
showed similar behavior, with an arc at the high frequency range and a linear response 
at lower frequencies. In the low frequency range, a completely vertical straight line 
indicates typical EDL capacitive behavior, in which the capacitance is almost 
independent of the applied AC frequency. In this range, the sandalwood sample 
approached a vertical limit, indicating the nearly ideal EDL behavior of the capacitance. 
In general, the effectiveness of EDL formation in supercapacitors is strongly 
dependent on the equivalent series resistance (ESR) which is the total electrical 
resistance of the electrodes, the electrode/electrolyte interfaces, and the electrolyte. The 
ESR was obtained from the x-intercept of the Nyquist plots [18]. The magnitude of the 
ESR was measured as 4.6, 5.9, and 5.3 ohms for the beech, pine, and sandalwood, 
respectively. 
 
4.4.3 Cyclic voltammetry 
Figure 4.2 (b,c,d) shows cyclic voltammograms of the carbonized wood electrodes 
for various scan rates in the range of 2 mV/s to 200 mV/s. None of these curves show 
any signature of a redox reaction, suggesting the origin of the capacitance is the typical 
EDL formation. Furthermore, the lack of any reaction peak supports the claim that the 
arc seen in the EIS measurements (Figure 4.2a) is not caused by a reactive species. For 
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the beech wood and sandalwood, the CV curves with a scan rate of 2 mV/s show a 
nearly constant current within the voltage range measured, indicating that both of these 
samples exhibit ideal EDL capacitive behavior. In contrast, for the same scan rate, the 
CV curve for pine wood exhibits a distorted shape.  
At high scan rates, the shape distortion was observed for all three wood samples, 
mainly due to the significant contribution of the ESR. In general, at low scan rates, the 
current, I, is small enough such that the I×ESR losses are negligible. However, as the 
scan rate is increased, I increases, and as such, the I×ESR losses become significant and 
result in the shape distortion. This distortion seen in the CV curves has also been 
observed in other porous electrode materials [18-21].  
 
4.4.4 Galvanostatic charge-discharge 
Galvanostatic charge-discharge measurements were performed in 2M KOH solution 
over a voltage range between -1 to 0 V with current densities of 200, 500, 1000, 2000, 
and 4000 mA/g. The charge-discharge cycle duration was found to decrease with 
increasing current density, as seen in Figure 4.3. The nearly linear voltage vs. time 
profile and the symmetric charge-discharge curves are indicative that reasonably high 
quality capacitive behavior has been achieved by the carbonized wood electrodes.  










                                                                      
 
where I is the constant discharge current, Δt is the discharge time, m is the mass of the 
material, and ΔV is the potential drop during discharge. 
The specific capacitance values as a function of current density are shown in Figure 
4.4. In addition to the obtained experimental results, various reported values for 
common electrodes are included [10, 14, 22-26]. It is clear that the specific capacitance 
decreases with increasing discharge current density. The calculated specific capacitance 
at 200 mA/g for the beech and pine wood are 282 and 328 F/g, respectively, values 
which are approximately 50% larger than those for graphene-based electrodes [10, 26]. 
At the same discharge current, the sandalwood was found to have a specific capacitance 
of 237 F/g which is 10% higher than the graphene-based electrodes [10, 26]. The higher 
specific capacitances of the beech and pine wood under low current densities can be 
explained by their high specific surface areas suggesting the total surface area, 
measured by BET (Table 4.1), contributes to the specific capacitance. When the current 
density is low, all of the surface area in the structure is accessible to the electrolyte ions.  
The energy density and power density of supercapacitors can be calculated 
according to the following equations: 
 
                     E =
1
2
CV2                                                                     (4.2) 
                     P =
E
t
                                                                            (4.3) 
 
where E is the energy density, C is the speciﬁc capacitance, V is the potential window, 
P is the power density and t is the discharge time. 
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The high energy densities, as seen in Figure 4.4, were obtained at a current density 
of 200 mA/g for the beech, pine and sandalwood, respectively, which are nearly equal 
to the energy density of lead acid batteries [2, 27]. The energy density decreases 
dramatically when the current density is increased from 200 mA/g to 500 mA/g, 
dropping by 27% and 39% for the beech and pine wood, respectively. Impressively, the 
sandalwood only suffered a 7% energy loss under the same conditions. With a high 
current density of 4000 mA/g, both the beech and pine wood have a very low energy 
density (specific capacitance) of 5.6 Wh/kg (40 F/g) and 6.1 Wh/kg (44 F/g) compared 
to 14.5 Wh/kg (104 F/g) for the sandalwood. It is clear that the sandalwood retains 
energy more effectively than the beech or pine wood as a function of increasing charge-
discharge current density.  
The high current density does not provide enough time for electrolyte ions to 
propagate into the channels and contact all surface areas. Therefore, only the larger 
micropores are able to store the charge, making the capacitance highly dependent on the 
number of large micropores in the electrode [28]. The larger capacitance for the 
sandalwood at the high current density of 4000 mA/g is attributed to its proportionally 
larger number of micropores in its structure.  
Ragone plots are used to illustrate supercapacitor energy density as a function of 
power density. Figure 4.5a illustrates the overall Ragone plots of the three carbonized 
wood electrodes. The sandalwood sample exhibits the best performance, with a high 
energy density of 32.9 Wh/kg and a power density of 114 W/kg (at a low current 
density of 200 mA/g), and a high power density of 2001 W/kg with an energy density of 
14.5 Wh/kg (at a high current density of 4000 mA/g). For comparison, at low current 
densities (200 mA/g), sandalwood’s energy density is similar to conventional lead acid 
107 
 
                                                                      
 
batteries (32.9 Wh/kg vs. 40Wh/kg) and at high current densities (4000 mA/g), its 
power density is an order of magnitude higher (2001 W/kg vs. 180 W/kg) than lead acid 
batteries [2]. 
 
4.4.5 Cycle life 
Cycle lifetime is a crucial parameter when considering supercapacitors for practical 
applications. The long-term stability of all the systems investigated in this study was 
evaluated by repeating galvanostatic charge-discharge tests for 2000 cycles. These tests 
were performed between -1 and 0V at the scan rate of 4000 mA/g. The energy density 
retention as a function of cycle number is shown in Figure 4.5b. After 2000 cycles, the 
energy densities only decreased by 0.3% of their initial values for all samples, thereby 
demonstrating that the carbonized wood-based electrodes have excellent cycle stability 
and a high reversibility in the repetitive charge-discharge cycling.  
 
4.5 Conclusion 
Three different carbonized woods, all with different pore size distributions, were 
used as electrode materials for supercapacitors. Unlike other carbon material electrodes, 
wood does not require special treatments or extra binding procedures during the 
electrode synthesis to be usable. Each of the wood electrodes has been shown to have a 
high specific capacitance, high energy density, ideal capacitor behavior, and excellent 
electrochemical stability (less than 0.3% capacitance loss after 2000 cycles). Both the 
beech and pine wood electrodes showed high energy densities of 39.2 and 45.6 Wh/kg, 
respectively, at a current density of 200 mA/g. However, when the current density was 
increased to 4000 mA/g, their energy densities dropped to about 14% of their values at 
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200 mA/g. The carbonized sandalwood sample showed slightly lower energy density 
(32.9 Wh/kg) at 200 mA/g, but it retained 44% of its energy density when the current 
density was increased to 4000 mA/g. Additionally, all three types of wood exhibited a 
power density of ~2000 Wh/kg at this high current density. At the highest discharge 
current density of 4000 mA/g, the sandalwood electrode’s performance is comparable to 
lead acid batteries and has the added benefit of being much more environmentally 
friendly than lead acid batteries, too. The reason behind the sandalwood’s excellent 
energy density retention at high discharge current densities is believed to be its unique 
microstructure. The exceptional performance of the wood-based supercapacitors 
detailed in this paper opens the possibility to engineer supercapacitor electrodes based 
on natural woods for a variety of applications.  
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Figure 4.1. SEM images for a) beech wood in radial direction, b) beech wood in axial 
direction, c) pine wood in radial direction, d) pine wood in axial direction, e) 
sandalwood in radial direction, f) sandalwood in axial direction. Images show the 




                                                                      
 
 
Figure 4.2. Electrochemical measurements in a) Nyquist plots for the beech, pine, and 
sandalwood from EIS measurements taken from 200 kHz to 0.1 Hz. CV spectra for b) 




                                                                      
 
 
Figure 4.3. Galvanostatic charge-discharge plots at various current densities for a) 




                                                                      
 
 
Figure 4.4. Current density (mA/g) vs. specific capacitance (F/g, left) and energy 
density (Wh/kg, right) for the wood electrodes. Also included are data points from the 




                                                                      
 
 
Figure 4.5. Performance measurements in a) Ragone plots of energy density vs. power 
density for the three types of wood electrodes. b) Cycle lifetime measurements of the 
three types of wood electrodes. Galvanostatic charge-discharge cycles were conducted 
at 4000 mA/g for each of the samples. Samples showed 99.7% capacitance retention 




                                                                      
 
Table 4.1 Specific surface areas calculated from N2 adsorption/desorption 
 
Samples BET specific surface area (m
2
/g) 
Beech wood 44 














5.1 Abstract  
Copper nanoparticle-loaded carbonized wood electrodes were synthesized and 
characterized for use as supercapacitor electrodes. The electrodes were fabricated by 
carbonizing Cu(NO3)2-soaked wood samples at 800°C under an N2 atmosphere. Final 
copper nanoparticle content was controlled by varying the concentration of the 
Cu(NO3)2 solution. Subsequent X-ray diffraction and scanning electron microscopy 
measurements confirmed that cubic copper was formed and that the copper 
nanoparticles were anchored uniformly both on the surface as well as deep within the 
pores of the wood electrode. Cyclic voltammetry measurements showed that all of the 
electrodes have typical pseudo-capacitive behavior, as indicated by the presence of 
redox reaction peaks. Charge-discharge testing also confirmed the pseudo-capacitive 
nature of the electrodes. The reversible oxidation of Cu into Cu2O and CuO was 
verified by performing X-ray photoelectron spectroscopy at different stages of the 
charge-discharge cycle. 
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 This chapter is based on the paper entitled “Cu nanoparticle loaded carbonized wood 






                                                                        
 
5.2 Introduction 
The development of renewable and sustainable energy has been of great interest 
because of increasing concerns regarding not only the depletion of fossil fuels, but also 
their potential adverse effects on the environment. However, for these technologies to 
be feasible, reliable energy storage devices are required. Supercapacitors are among the 
most promising new energy storage devices due to their high specific power densities 
that are comparable to secondary batteries, fast charge-discharge rates similar to those 
of traditional electric double-layer (EDL) capacitors, and large cyclabilities [1]. 
Supercapacitors have two charge storage mechanisms: nonfaradaic EDL capacitance 
and faradaic pseudo-capacitance. The EDL capacitance is a result of the accumulation 
of charge at the electrode/electrolyte interface, whereas the pseudo-capacitance arises 
from the relatively fast redox reactions that take place between the electroactive 
material within the electrode and the electrolyte.  
Despite their potential, the lack of a suitable electrode material has hindered the 
development of supercapacitors. Current research on electrode materials for 
supercapacitors has been primarily on either metal oxides or conducting polymers. 
Although for ruthenium oxide, specific capacitances have been reported in excess of 
768 F/g, its use in large-scale applications has been limited by its high cost and toxicity 
[2, 3]. For other, less toxic metal oxides, including NiO [4-7], CuO [8-10], and MnO2 
[11-14], their performance is only marginally better than traditional EDL capacitors 
[15], as they are limited by their low electrical conductivities [11, 16]. Because of their 
low electrical conductivities, the electrochemical performances usually suffered from 
the low specific capacitance at the high discharging rates and poor stability [4, 16]. As 
an alternative to metal oxides, conducting polymers are also commonly studied for use 
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in supercapacitors, including polypyrrole [17-19], polyaniline [20-23], and derivatives 
of polythiophene [24]. Even though these conducting polymers possess high electrical 
conductivities, they usually undergo structural degradation within 1,000 cycles [20, 24, 
25]. Because of the shortcomings of both metal oxides and conducting polymers, 
alternative supercapacitor materials need to be explored. 
Currently, much of the research on supercapacitor electrodes is focused on lowering 
the fabrication costs, increasing the energy density, and utilizing environmentally 
friendly materials. One such material that has potential is copper. Copper is not only 
one of the most abundant elements on Earth, it is also easy to recycle and is relatively 
inexpensive. Another very common material that has potential is carbonized wood. In a 
recent study, wood was found to be desirable as a supercapacitor electrode because of 
its unique hierarchical structure that consists of interconnected nano and micropores 
[26]. In this study, Cu nanoparticles were directly grown in carbonized wood samples to 
obtain binder-free, conducting supercapacitor electrodes. Our study has shown that the 
use of optimized Cu nanoparticle loading in wood supercapacitors significantly 
improves the electrochemical performance as compared to CuO electrodes in aqueous 
electrolyte.  
 
5.3 Experimental procedure 
The wood was cut to form disks approximately 20 mm in diameter and 5 mm thick. 
These pieces were initially boiled in a 1 M ammonia solution for 5 hours to remove the 
resin and any additional impurities present within the wood. The boiled samples were 
then transferred to a box furnace for dehydration at 120
o
C for 3 hours. The Cu 
nanoparticles were deposited within the wood by placing the dehydrated wood samples 
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in either a 0.5 M, 1 M, or 2 M Cu(NO3)2 solution for 4 hours at 90
o
C. Next, the samples 
were removed from the solution and allowed to dry in the air overnight. Finally, the 
samples were heated under N2 at 800
o
C for 2 hours, which carbonized the wood and 
reduced the Cu(NO3)2 into Cu nanoparticles.  
X-ray diffraction experiments were carried out with a Philips X’PERT X-ray 
Diffractometer using Cu Kα radiation. The measurements were performed from 2θ=10o 
to 90
o
 with a step size of 0.04
o
. Analysis of powder diffraction patterns was carried out 
using the Rietveld analysis technique. Scanning electron microscopy (SEM) 
measurements were carried out using an FEI Quanta 600 FEG SEM. Bulk samples were 
cut in half along the axis in order to examine their cross-sections. Images were taken at 
varying magnifications on the cut surface to verify the distribution of Cu nanoparticles 
in the samples. In order to characterize the redox reactions of the Cu/C electrodes, X-
ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra DLD 
with a magnesium source during different steps of discharging. The component peaks 
were fitted with a nonlinear, least square algorithm using Casa XPS software.  
Electrochemical and capacitance measurements were performed in a three electrode 
system consisting of the Cu/C sample as the working electrode, platinum foil as the 
counter electrode, and Ag/AgCl as the reference electrode. The cyclic voltammetry 
(CV), galvanostatic charge-discharge, and electrochemical impedance spectroscopy 
(EIS) experiments were performed using a Reference 600 from Gamry Instruments. The 
CV response of the electrodes was measured at scan rates varying from 2 mV/s to 200 
mV/s. Galvanostatic charge-discharge testing was carried out at varying potentials 
between 0 and -1.0 V in a 2 M KOH aqueous electrolyte solution. The EIS 
measurements were carried out over the frequency range from 1 MHz to 0.1 Hz. 
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5.4 Results and discussion 
5.4.1 Characterization of the Cu/C electrodes 
In order to determine the amount of Cu within each sample, the samples were cut in 
half and then each half was weighed (W1). One of the two halves of each sample was 
then placed in a tube furnace, which was heated to 800
o
C in atmosphere for 3 hours in 
order to form CuO and burn off all of the carbon. The residual powder was then 
weighed (W2). The Cu content in the samples was determined using equation 5.1: 
 
𝐶𝑢 % =  
79.9×𝑊2
𝑊1
         (5.1) 
The amount of Cu embedded in the wood was determined to be 7 wt% (Cu7), 21 
wt% (Cu21), and 37 wt% (Cu37) for the 0.5 M, 1 M, and 2 M Cu(NO3)2 solutions, 
respectively. The crystalline structure and morphology of the as-prepared Cu samples 
are shown in Figures 5.1 and 5.2. As seen in Figure 5.1, for all the samples, three 
characteristic peaks at 2 = 43.3o, 50.43o, and 74.1o were observed which can be 
indexed to match pure Cu peaks (JCPDS card No. 004-0836). No other characteristic 
peaks were observed, indicating that all the samples contain only pure cubic copper.  
Figure 5.2 shows the SEM images of the as-prepared samples in the axial and radial 
directions. Figures 5.2a, b, and c are the axial surfaces of Cu7, Cu21, and Cu37 
samples, respectively, which show that the Cu particles are deposited throughout the 
sample surface and deeply within the micropores. Figures 5.2d, e, and f show the radial 
surface of samples; it can be seen that the Cu nanoparticles have an average diameter of 
95 nm for Cu7 sample which increases to 150 nm and 241 nm when the Cu content was 
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increased to 21 wt% and 37 wt%, respectively. For the Cu21 and Cu37 samples, some 
aggregation of the Cu nanoparticles was also observed (see Figures 5.2 b and c).   
  
5.4.2 EIS and electrical conductivity measurements 
To prove that the copper formed is actually improving the electrode properties, EIS 
and electrical measurements of Cu7, Cu21, and Cu37 were performed. The 
electrochemical impedance was measured over a frequency range from 1 MHz to 0.1 
Hz at a sinusoidal potential of 5mV. Figure 5.3a shows the Nyquist plots for different 
electrodes. All the impedance spectra consist of a pressed semicircle at the high 
frequency range and a straight line in the low frequency region. An equivalent circuit 
used to fit the impendence curve is given in inset of Figure 5.3a, which consists of a 
combinational resistance (Re) of the electrolyte interface, intrinsic resistance of the 
electrode, and contact resistance between the Cu nanoparticles and the carbonized wood 
electrode. The determined Re values are almost the same for all the impedance spectra. 
The major difference of the impedance spectra is the diameter of the pressed semicircle 
which corresponds to the charge transfer resistance (Rct) from the Faradic reactions and 
the double layer capacitance (Cdl). The straight line in low frequency region is the 
Warburg diffusion (Zw) which is the ion diffusion process in the electrolyte. CL is the 
limit capacitance [27]. The determined Rct values for Cu7, Cu21, and Cu37 were 0.89, 
0.53, and 0.46 Ohms, respectively. Another experiment performed to investigate the 
electrical characteristics of the electrode was the electrical resistivity measurement. 
Electrical resistivity was measured as a function of temperature over the range of 30 - 
300 K (see Figure 5.3b). It was observed that the electrical resistivity decreased with 
increasing Cu content as seen in Figure 5.3b inset.  
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5.4.3 Cyclic voltammetry 
Figure 5.4 shows the CV measurements of the electrodes for different scan rates in a 
2 M KOH solution. In the polarization process with 1 mV s-1 from -1 V to 0 V for Cu7 
sample (Figure 5.4a), two peaks were observed at -0.39 V and -0.11 V that were 
attributed to the oxidation of the Cu
0
 nanoparticles to Cu
2+
. Likewise, in the reduction 
process from 0 V to -1 V, two peaks were also observed at -0.42 V and -0.82 V, which 




 in the electrode. The pairs of redox 
peaks indicate that the Faradaic redox reactions of the Cu nanoparticles are reversible. It 
is observed that the pseudo-capacitive behavior of the Cu/C electrodes is strongly 
dependent on the scan rate in the CV experiments. When the scan rate increases from 1 
mV/s to 10 mV/s, the oxidation peaks have a positive shift in potential, while the 
reduction peaks undergo a negative potential shift (indicated by the arrows), as seen in 
Figures 5.4 a, b, and c. This is because when the scan rate is low, the ions from the 
electrolyte are able to diffuse and gain access to almost all available electrode pores. 
This leads to a more complete insertion/extraction of the ions and an enhanced redox 
process.  
For higher scan rates, the peak shift is due to the slow reaction rate as the electrolyte 
ions do not have enough time to fully react with the Cu nanoparticles. When the Cu 
content is increased from 7 wt% to 21 wt% and then to 37 wt%, the paired redox peaks 
merge into a single oxidation and a single reduction peak, as seen in Figure 5.4d. The 
reduction in the number of peaks with increased Cu content in the electrode can be 
understood by the different surface morphologies of samples. The redox reactions are 
mainly controlled by surface reactions of electrode. For the Cu7 sample, the reactive Cu 
nanoparticles are small and evenly distributed, which leads to there being more reactive 
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sites, thereby allowing for the completion of the redox reactions during the CV scan. In 
comparison, both the Cu21 and Cu37 have larger particles which clog some of the 
micropores, resulting in less reactive sites for the redox reactions to take place during 
the CV scan.   
 
5.4.4 Galvanostatic charge-discharge 
Figure 5.5 shows the charge-discharge curves of Cu7, Cu21, and Cu37 electrodes at 
different current densities. It is clear that the duration of the discharge decreases rapidly 
with increasing current density. In both the charging and discharging curves, there are 
two clear changes in the slope of the potential, indicating the generation of charge via 
the reaction of electrolyte ions with Cu nanoparticles. It can also be seen that this 
change in slope occurs very consistently at A1, A2, A3, and A4 for each of the 
electrode samples at every discharge current density tested. The deviation of these 
charge-discharge curves from a straight line accompanied with the nonrectangle CV 
curves (Figure 5.4) gives strong evidence that the Cu/C electrode behavior is pseudo-
capacitive.  
 
5.4.5 XPS analysis 
The redox reactions of the Cu nanoparticles in KOH are expected to involve 






 species according to the following 
reactions: 
 
                  2𝐶𝑢𝑂 + 𝐻2𝑂 + 𝑒
−
𝐶ℎ𝑎𝑟𝑔𝑒
→     𝐶𝑢2𝑂 + 2𝑂𝐻
−                                     (5.2) 
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𝐶𝑢2𝑂 + 𝐻2𝑂 + 𝑒
−
𝐶ℎ𝑎𝑟𝑔𝑒
→     2𝐶𝑢 + 2𝑂𝐻−                                      (5.3) 
 
The first peak (A3) which appears during the charging process, as seen in Figure 5.5, 
can be attributed to the reduction of CuO to Cu2O (Equation (5.2)). The second peak 
(A4) is indicative of the further reduction of Cu2O to Cu (Equation. (5.3)). The potential 
peaks of A1 and A2 can be ascribed to the reverse, i.e., oxidation reactions, of A4 and 
A3, respectively.  
These predicted redox reactions were further proved by performing XPS 
measurements to investigate the surface electronic states of the Cu/C electrodes. Two 
samples, S1 and S2, were created from a sample of Cu7 by performing a partial charge-
discharge cycle at 200 mA/g, as shown in Figure 5.6a. The discharging was stopped 
during the first cycle, when Cu2O (S1) and CuO (S2) were expected to have been 
formed. The XPS spectrum for S1 is shown in Figure 5.6b. The formation of Cu
1+
 was 
identified by the spectral lines Cu 2p1/2 and 2p3/2 with binding energies of 952.5 eV and 
932.7 eV, which are characteristic of Cu
1+





 from XPS alone, due to their nearly identical binding 
energies (the ~0.3 eV difference is below the resolution of the tool) [28]. However, with 
the evidence of the sudden change in potential at -0.5 V (Figure 5.5) alongside the XPS 
data (Figure 5.6), it can be concluded that Cu
1+ 
was formed from the oxidation of Cu
0
 to 
Cu2O.  The XPS data for S2 are presented in Figure 5.6c. The Cu 2p1/2 and 2p3/2 peaks 
were found at 955.5 eV and 935.7 eV, respectively, which indicates the formation of 
CuO. Peaks signifying the presence of Cu
1+/0
 are also present, which are ~3 eV lower 
than the Cu
2+
, suggesting that at least some of the sample had not fully oxidized into 
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. This result indicates that the oxidation process from -1 V to 0 V transformed some 
of the Cu
0
 into CuO. It is likely that only the very topmost surface layer of the Cu 
nanoparticles was oxidized into CuO, leaving the core Cu unoxidized.  
 
5.4.6 Specific capacitance, energy density, and power density 







                                                                (5.4)  
 
where I is the constant discharge current, Δt is the discharge time, m is the mass of the 
composite, and ΔV is the potential drop during discharge. The specific capacitance 
values of the Cu/C electrodes are plotted as a function of discharge current density in 
Figure 5.7. In addition to the obtained experimental results, reported values for few 
common electrodes are also listed [2, 5, 14, 29-34]. The Cu7 sample shows higher 
specific capacitance than the Cu21 and Cu37 at all current densities. The specific 
capacitance decreases rapidly with increasing discharge current densities in all samples. 
This can be explained as the diffusion of electrolyte ions into the pores of Cu/C 
electrodes decreases with increasing current density, and is limited to the outer surface 
of the electrode when the discharge current is relatively high. At low current densities, 
all of the reactive sites of the Cu nanoparticles can be fully accessed by the electrolyte 
ions and contribute to achieve high specific capacitance. The specific capacitance at 
1000 mA/g for the Cu7 is 465 F/g, which is better than every CuO nanoparticle 
embedded on the current collector in aqueous KOH electrolyte reported in the literature 
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[31-34]. In addition, the calculated specific capacitance for Cu7 is 888 F/g at 200 mA/g. 
The enhanced performance of Cu7 as compared to other samples can be explained by 
the uniform distribution of small Cu nanoparticles. The nanoparticles serve as effective 
reactive sites and, when the Cu content in the electrode is increased from 7% to 21% 
and then to 37%, the size of Cu nanoparticles increases and can clog some micropores, 
thereby reducing the overall surface area, as seen in Figures 5.2a, b, and c. The reduced 
surface area, especially for Cu37, leads to a reduction of the specific capacitance at 
higher current densities (above 1000 mA/g). However, it is critical for supercapacitors 
to have large capacitance values at high discharge current densities in order to make 
them suitable for fast charge-discharge applications. The large capacitance of 88 F/g at 
the very high current density of 4000 mA/g for Cu7 shows that the novel Cu/C 
electrode is able to undergo rapid redox reactions at high current densities. 
The energy density (E) and power density (P) of a supercapacitor determine how 
much and how fast its energy can be delivered. These quantities can be calculated 









                                                                            (5.6) 
 
where E is the energy density, C is the speciﬁc capacitance, V is the potential window, 
P is the power density, and t is the discharge time. From Figure 5.8, the energy densities 
for Cu7 are always higher than the Cu21 and Cu37, even though the Cu7 has lower 
power density under the same conditions. For example, at the current density of 200 
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mA/g, the energy density of Cu7 is 123 Wh/kg, which is much higher than 45 Wh/kg 
and 21 Wh/kg for Cu21 and Cu37, respectively. The power density of Cu7 is 96 W/kg, 
which is similar to 80 W/kg and 99 W/kg for Cu21 and Cu37, respectively. These 
results suggest that Cu7 is, among all the samples studied, the ideal for large energy 
storage and fast charge-discharge applications. 
 
5.4.7 Cycle life test 
The cycle life test of Cu/C electrodes was performed by repeated charging and 
discharging of the supercapacitors at 1000 mA/g for 2000 cycles. The specific 
capacitances of the Cu21 and Cu37 decreased very fast during the first 300 cycles and 
slowly declined thereafter, as seen in Figure 5.9. The similar results were found for the 
conducting polymer/actived carbon electrodes, in which the active materials in the 
electrodes could be degraded during charge-discharge cycles [17, 20, 23, 35]. In 
contrast, the Cu7 exhibits excellent stability with only 5% specific capacitance 
decreased in the first 500 cycles and then the specific capacitance value remained 
almost constant. The excellent stability of Cu7 indicates that the Cu nanoparticles 
embedded in the carbonized wood can be used as a supercapacitor.  
 
5.5 Conclusion 
Three different concentrations of Cu nanoparticles were embedded in carbonized 
wood samples and tested for their potential as supercapacitor electrode materials. The 
advantages of using Cu nanoparticles, as opposed to other metal oxides for electrode 
materials, are that they require no extra current collector binding procedures and that Cu 
nanoparticles naturally fill the various multichannel micropores within the wood. Cyclic 
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voltammetry and galvanostatic charge-discharge measurements were employed to 
investigate the electrochemical behavior of the electrodes. All the samples showed 
redox current peaks in the CV scans and nonlinear charge-discharge curves in the 
galvanostatic measurements. These are both characteristic of pseudo-capacitive 
behavior. The high specific capacitance values of 888 and 324 F/g were achieved at a 
current density of 200 mA/g for Cu7 and Cu21 samples, respectively. The values of 
specific capacitance for Cu7 are larger than those usually reported for other metal oxide 
electrodes (MnO2 and CuO), which highlights the pseudo-capacitive effect that Cu 
nanoparticles have on the electrode. The Cu7 also exhibits a higher energy density of 
123 Wh/kg (at 200mA/g) and power density of 1761 W/kg (at 4000 mA/g) compared to 
those for Cu21 and Cu37 samples. It was found that having a small amount of Cu 
nanoparticles (7 wt%) performs the best, as these nanoparticles are evenly distributed 
throughout the wood microstructure and cannot clog the micropores in the wood. These 
results suggest that there is a threshold concentration for Cu in carbonized wood of 
approximately 7 wt%. The excellent performance obtained for Cu7 sample in these 
experiments opens the possibility to engineer supercapacitor electrodes based on metal 
and natural wood composites.  
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Figure 5.2. Axial SEM images for a) Cu7 sample, b) Cu21 sample, c) Cu37 sample, 




                                                                        
 
 
Figure 5.3. Electrical measurements in a) Nyquist plots for the various samples from 
200 kHz to 0.1 Hz, inset is the electrical equivalent circuit used for ﬁtting impedance 




                                                                        
 
 
Figure 5.4. CV spectra for:  a) Cu7 sample, b) Cu21 sample, c) Cu37 sample at various 




                                                                        
 
 
Figure 5.5. Charge-discharge plots at various current densities for: a) Cu7 sample, b) 




                                                                        
 
 





                                                                        
 
 
Figure 5.7. Relationships between the specific capacitance and energy density with 




                                                                        
 
 





                                                                        
 
 









CONCLUSION AND FUTURE RESEARCH 
 
In this chapter, the unsolved problems reported in the previous chapters are 
summarized and analyzed. Suggestions on how to solve these problems are made. 
Recommendations on how to further improve the performance of solid state Li ion 
batteries and supercapacitors are detailed.  
 
6.1 Laser annealing of LLZO  
Current synthesis of cubic LLZO always requires sinterring at very high 
temperatures (above 1200
o
C) for a long period of time (more than 36 hours). The high 
processing temperature and long processing time cause lithium deficiencies and also 
limits its applications. Much research has been done on doping LLZO with extrinsic 
dopants such as Al or Ga to lower the sintering temperature required to achieve cubic 
phase. However, it has also been reported that a secondary phase was precipitated at 
grain boundaries which can hinder the ion transport in the material. In the present study, 
we have used a pulsed laser annealing process to convert tetragonal LLZO to cubic 
LLZO at room temperature without any extrinsic dopants. The room temperature ionic 
conductivity for the laser annealed cubic LLZO yields a three orders of magnitude 






determine the exact threshold energy required for the phase transformation from the 
tetragonal to cubic LLZO, as well as the effect of laser annealing on garnet phase 
stability.  
 
6.2 Low temperature molten salt synthesis of LLNO  
Cubic LLNO solid state electrolyte was successfully synthesized at 900
o
C. In order 
for the garnet cubic LLNO to obtain high ionic conductivity, further sintering is 
required to cause grain growth. The Li ion conductivity was found to increase with 
increasing sintering. A high ionic conductivity of 2.5x10
-5
 S/cm was achieved, which is 
similar to the highest value previously reported for LLNO electrolytes.  
The kinetic of using molten salt synthesis method was originated from the 705
o
C 
eutectic temperature of Li2O and Li2CO3. Future work should focus on using LiOH and 
Li2CO3 mixture to further reduce the cubic LLNO synthesis temperature, ae LiOH has 




6.3 Wood electrodes for supercapacitors 
Carbonized woods with different pore size distributions were used as electrode 
materials for supercapacitors. These supercapacitors made from wood electrodes have 
been shown to have a high specific capacitance, high energy density, ideal capacitor 
behavior, and excellent electrochemical stability. This study has outlined a general and 
rational strategy to fabricate open up new paths. 
The study also presents a substantial progress towards producing high performance 
supercapacitor by utilizing hierarchically structured electrodes. Future work on the basis 





on hierarchical electrodes. These advances may extend the frontier of supercapacitor 
research and wood electrodes. 
 
6.4 Cu composite electrodes for pseudo-supercapacitors 
Cu nanoparticles were embedded in carbonized wood samples and tested for their 
potential as supercapacitor electrode materials. The advantages of using Cu 
nanoparticles, as opposed to other metal oxides for electrode materials, are that they 
require no extra current collector binding procedures. It has been proven that composite 
electrodes with a proper amount of Cu significantly improve the specific capacitance by 
a factor of three. Future research on pseudo-supercapacitors should be directed towards 
the development of nanomaterials with high specific surface area, high charge capacity, 
and minimum ESR. In addition, one-step synthesis without an additional activation 
process to obtain high density composite materials would be beneficial for the compact 
design of high power energy sources. 
This dissertation examined some very attractive materials for energy storage 
devices, namely Li ion batteries and supercapacitors. For the Li ion battery research, the 
novel laser annealing method and molten salt synthesis methods have been employed to 
successfully fabricate high quality garnet cubic solid state electrolytes. For the 
supercapacitor research, Copper wood nanocomposite electrodes with high surface area, 
interconnected pores, and high electrical conductivity have been shown to improve 
energy density of supercapacitors without sacrificing the high rate capacity and long 
cycle life.  
